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ABSTRACT

A novel graphene derivative with a high density (10 % at/at) of acetic acid pendants installed directly on the basal plane, called graphene acetic acid (GAA), is
prepared through a sustainable protocol starting from fluorinated graphite. The proposed synthesis route is environmentally friendly, simple and highly scalable. The
catalytic activity of the GAA as a peroxidase mimic is tested using standard protocols (i.e. 3,3',5,5-tetramethylbenzidine (TMB) reacted with H;05) obtaining
excellent results that surpass the state of the art in previously reported carbon materials. To confirm further the versatility of GAA as an oxidation catalyst, and its
potential relevance in industrial processes, we investigate the conversion of sulfides to sulfoxides. Once again, GAA proves to be an outstanding catalyst, being able to
oxidize thioanisole to the corresponding sulfoxide in a short time (200 min for complete conversion) without the addition of a solvent and at room temperature.

Moreover, the catalyst is easily recovered through filtration and can be subjected to further catalytic cycles without decreasing the performance.

1. Introduction

Since its discovery [1], graphene, a two-dimensional carbon allo-
trope [2], has attracted an increasing amount of interest from the sci-
entific community. Initially studied primarily for its physical properties
[3], later it has been intensively investigated for its catalytic activity
[4-7]. In fact, despite being chemically inert in its pure stoichiometric
form, defective or functionalized graphene exhibits an extremely
diversified chemistry [8]. A variety of methodologies was developed to
introduce into graphene specific functional groups or heteroatoms, for
example high-temperature treatments [9], which however usually
exhibit a poor control over sample morphology and functionalization
selectivity, or fine synthesis protocols such as those based on fluorinated
graphite (FG) [10]. In the latter case, different graphene materials with
tailored functionalization [11,12] can be obtained through simple
nucleophilic substitution reactions, taking advantage of the simulta-
neous radical defluorination responsible for restoring carbon sp2 do-
mains [13]. This synthetic strategy has been exploited to produce the
so-called graphene acid [11], i.e. a monolayer graphenic nanosheet
highly functionalized by carboxyl groups, which has proven to be an
excellent catalyst [14] and a versatile platform for further functionali-
zation [15]. This material is unique in that, despite being an oxidized

form of carbon similar to graphene oxide, it retains a remarkably high
conductivity, making it an excellent redox mediator. Moreover, differ-
ently from standard graphene oxide, the carboxyl groups are installed
not only on the sheet edges, but also directly on the basal plane. How-
ever, the use of potassium cyanide, a very dangerous and highly toxic
compound, during the synthesis represents a major drawback for the
practical application of this material. These considerations prompted us
to find a synthesis strategy that could lead to a material with the same
exceptional properties of graphene acid, but reduced environmental
impact, and risk to human health [16].

Although the use of FG may raise concerns from a Green Chemistry
standpoint, several relatively safe methods for its production exist,
including photochemical and hydrothermal fluorination [17]. More-
over, the research on the subject is rapidly advancing [10], even
exploring the potential for valorizing fluorinated polymer waste [18].
Lastly, one of the major limitations in the large-scale production of
materials like graphene oxide is the poor reproducibility of their final
properties [19], a problem that is significantly reduced by FG de-
rivatives, which offer a more direct and straightforward control over
material’s characteristics.

Carboxylic acids functionalized graphenes can be implemented as
carbocatalysts, i.e. a heterogeneous carbon-based materials where the
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carbon atoms or specific active sites enable an efficient chemical con-
version [20,21]. In this context, it is quite intriguing to investigate
whether these systems can exhibit a catalytic activity similar to that of
natural enzymes [22]. This is important not only because it can signif-
icantly impact a wide range of reactions and chemical processes [23,24],
but also due to its relevance in various interdisciplinary fields such as
nanomedicine, toxicology, bioelectrochemistry, sensors, where the
interaction of carbon nanomaterials with biological systems plays a
crucial role. In this work, optimizing a sustainable synthesis route, we
prepared in high yield a graphenic material rich in carboxylic acids,
called Graphene Acetic Acid (GAA). Previously, a derivative of fluo-
rographite synthesized using a malonic ester was already reported in the
literature, but using a less sustainable protocols based on 1,2-dichloro-
benzene as solvent and an organic base, and reaching a lower final
functionalization degree [25]. As a case study, we investigated a reac-
tion involving reactive oxygen species (ROS), specifically the reduction
of hydrogen peroxide to water, a process that is typically catalyzed by
the enzyme peroxidase in biological systems.

Several natural enzymes utilize high-valency iron species for a wide
range of reactions, therefore artificial mimics, called nanozymes, which
exploit the chemistry of iron [26] have been largely studied in the past.
On the contrary, the literature regarding catalase or peroxidase activity
in metal-free catalysts is relatively limited [23]. To evaluate the catalytic
properties of GAA in advanced oxidation reactions within a broader
context, we investigated the oxidation of sulfides to sulfoxides. This is
particularly relevant in medicinal chemistry, where sulfoxides are
important functional groups extensively used in synthetic drugs, such as
modafinil [27] or sulindac [28]. Most of the syntheses used at present
start from sulfides and use various oxidants, such as m-CPBA [29] or
Oxone [30], whereas the utilization of HyO2 would be highly preferable
from a Green Chemistry perspective [31].

In both reactions, we found that GAA exhibits outstanding catalytic
activity, surpassing the performance of previously reported carbon
nanomaterials and even of most metal catalysts. This remarkable effi-
ciency underscores the still untapped potential of GAA for chemical
conversion applications.

2. Experimental
2.1. Synthesis of GAA

50 mL of anisole is added in a three neck round bottom flask under an
inert atmosphere, following three vacuum/nitrogen cycles. An amount
of 333 mg of FG is added to the flask and the resulting suspension is
sonicated for 4 h. In a 200 ml beaker, 26 g of potassium carbonate and
12 mL of diethylmalonate are allowed to react in an ice bath in 50 mL of
anisole for 1 h under magnetic stirring. The second solution is added to
the first suspension, heated and left to react at 130 °C for 24 h. The
resulting solution is filtered through a PTFE membrane and then washed
with 100 ml of dimethyl formamide (DMF), 100 x 2 mL of acetone and
then washed with 100 x 3 ml of water on a polycarbonate (PC)
membrane.

The resulting product is dispersed in 100 ml of water in a round
bottom flask, adjusted to pH ~3 with HSO4 and sonicated for 1 h. The
solution is then refluxed for 24 h. Afterward it is filtrated through a PC
membrane and then washed with water until a neutral pH is reached.
Finally, In the end the compound is washed with 100 x 3 mL of acetone
and allowed to dry.

2.2. Peroxidase-like activity

The peroxidase like activity assays of GAA were performed using
3,3,5,5-tetramethylbenzidine (TMB) as the substrate in the presence of
H305 either in 0.1 M acetic acid-sodium acetate buffer solution (pH = 4)
or in a phosphate buffer (pH = 7).

To monitor the kinetics of the reaction, the absorbance at 652 nm of
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the solution containing the oxidation products (3,3,5,5-tetrame-
thylbenzidine diimine, oxTMB) was measured as over time by a Cary
500 UV-Vis spectrophotometer. Each activity data point represents the
average of three replicates. Experiments conducted in the absence either
of HyO, or GAA showed no relevant activity. In order to extract the
kinetic data, different sets of experiments were performed both by
varying the HyO concentration (up to 0.5 M) for a fixed amount of TMB
and vice versa (up to 10~* M). The reaction rate was determined by
fitting the initial linear portion of the curve describing the evolution of
the concentration of the oxTMB as a function of time. By plotting the
reaction rate vs the substrate concentration (either H,O, or TMB) a
typical Michaelis-Menten saturation curve was observed:
Vinax[S]

Veku+15]

allowing to determine by a simple fitting procedure the values of Viax
and Ky;. To compare the kinetics at different concentrations, we used the
Lineaweaver-Burk plot based on the following equation:
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2.3. Sulfides oxidation

In a standard test, 1 mg of GAA is placed in a 20 mL vial. Then a
volume of 300 pL of 30 % hydrogen peroxide is added. The dispersion is
sonicated for 10 min while keeping the vial sealed. At this point, 0.117
mL of thioanisole is added. The reaction occurs at room temperature
under 200 rpm magnetic stirring. After a specific time, the crude product
is recovered using 1 mL of THF. Subsequently, the solid material is
separated by centrifugation (6500 rpm for 3 min). The resulting solution
is then dissolved in deuterated chloroform and analyzed by NMR.

sutphone +Lsulphoxide
Tiota

. I .. I
Conversion calculated as and selectivity as o

[sulphone +Lsulphoxide’
where “I” is the integral intensity of the NMR signal centered at 2.46
ppm for thioanisole, 2.67 ppm for sulfoxide and 3.04 ppm for sulfone.

2.4. EPR measurements

Spin-trapping EPR measurements were performed using an ELEXSYS
Bruker spectrometer operating at X-band, equipped with a CF935
cryostat and a Flexline MD5 dielectric cavity. The measurements were
conducted in quartz tubes open to air. The concentrations used were: 2
mL of 5 mg/mL of GAA in phosphate buffer 1 M, 150 pl of 25 mg/L 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) in EtOH, 5 pL Hy0,.

The temperature-dependent cw-EPR measurements were performed
using an X-band RADIOPAN SX spectrometer with a TM110 cylindrical
cavity. Oxford ESR900 continuous flow cryostat enabled measurements
over the temperature range of 4.2-300 K.

2.5. Physicochemical characterization

The surface chemical characterization of the materials was per-
formed using X-ray photoemission spectroscopy (XPS) in a custom-made
UHV system operating at a base pressure of 10™'° mbar, equipped with
an Omicron EA125 electron analyzer and an Omicron DAR 400 X-ray
source with a dual Al-Mg anode. Core level photoemission spectra (C 1s,
N 1s, O 1s, F 1s) were collected at room temperature (rt) with a non-
monochromatic Al Ka X-ray source (1486.6 eV) and using an energy
step of 0.1 eV, 0.5 s of integration time, and 20 eV of pass energy. The
samples were suspended in 2-propanol and drop-cast on an Cu metal
support. Samples were performed on a High Resolution Transmission
Electron Microscope (HRTEM) Titan G2 60-300 (FEI) with Image
corrector on accelerating voltage of 80 kV. Images were taken with BM
UltraScan CCD camera (Gatan). Energy Dispersive Spectrometry (EDS)
was performed in Scanning TEM (STEM) mode by Super-X system with
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four silicon drift detectors (Bruker). Solid state Fourier Transformed
Infrared (FT-IR, KBr disk technique) absorption spectra were recorded
with a Nicolet Nexus FT-IR spectrometer. {-potential measurements
were carried on Malvern Panalytical Zetasizer Nano ZS90 using 0.1 mg/
mL suspensions of GAA in water. The pH was adjusted between 3 and 11
using NaOH and HCl. XRD was recorded using a Panalytical Aeris
Research instrumentation, using Cu Ka radiation (A = 0.15406 nm) at
30 kV and 15 mA. Nuclear Magnetic Resonance (NMR) spectra were
recorded on a Bruker Avance 300 MHz spectometer (300.1 MHz for 'H,
298 K); chemical shifts (5) are reported in parts per million (ppm)
relative to the residual solvent signals and coupling constants (J) are
expressed in Hz. The solid-state 13C MAS spectrum was acquired on a
Jeol ECZR 600 spectrometer (150.9 MHz for 13C). The powder sample
was packed into a cylindrical zirconia rotor with a 3.2 mm outer
diameter (60 pL volume) and spun at 20 kHz. The spectrum was ac-
quired at room temperature and an optimized recycle delay of 20 s was
used for 450 scans. The 3C chemical shift scale was calibrated through
the methylenic signal of external standard a-glycine (at 43.7 ppm).

3. Results and discussion
3.1. GAA synthesis and characterization

For the preparation of GAA (see Scheme 1), we adopted a strategy
based on the nucleophilic substitution of the fluorine atoms of FG that
was previously employed for the synthesis of graphene acid [11].
However, in this case we substituted the highly toxic cyanide ions with
diethylmalonate anions, produced in situ by the reaction of a strong base
(i.e. potassium carbonate) with diethylmalonate. As seen in numerous
examples in the literature, FG is particularly susceptible to nucleophilic
attack on radical point defects generated by fluorine elimination, which
leads to the covalent attachment of the nucleophile and consequently to
a bond rearrangements in the carbon backbone resulting in the forma-
tion of vacancies and new radical defects [32-36]. The methylene units
can attach either to C sp? atoms next to edges or vacancies or to C sp®
atoms deriving from the original backbone of FG. A subsequent acid
treatment at moderate temperature (~100 °C) induces the hydrolysis of
the esters and decarboxylation of the diacid groups [37], leading to the
formation of a novel graphenic material with —-CH-COOH pendants
directly installed on the basal plane. Initially, the synthesis was carried
out in DMF, but to identify a more environmentally friendly reaction
medium, various solvents were evaluated. While benzylic alcohol solu-
bilized all reactants, some of the benzylic functionalities were incorpo-
rated into the graphene backbone. The use of ethylene glycol led in a
lower functionalization because of an undesired solvent polymerization
with diethylmalonate. Ultimately, anisole was identified as the optimal
solvent, producing the same material as DMF. The reaction was also
tested using neat diethylmalonate, yielding the desired results, however,
the large quantity of diethylmalonate required makes anisole a more
environmentally friendly alternative.

To confirm the successful preparation of GAA, the resulting material
was characterized by several spectroscopic techniques. In the IR spectra
(Fig. 1a), FG shows strong absorption peaks at ~1200 cm ! associated
with C-F vibrations, whereas the final product exhibits broad C=C
peaks at 1582 cm ™, attributed to the stretching of the aromatic struc-
tures typical of graphenic materials [38], as well as characteristic car-
boxylic acids signals at 1716 em! (Fig. S1). Furthermore, signals at
2851 and 2915 cm™! corresponding to C-H stretching modes, are

F F (o} [o}
efatahe A~ A
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PSR K,CO3 DMF
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130°C 24h
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observed. To confirm that the carboxylic acid signals were not related to
other carbonyls derivatives, the material was first exposed to a base and
then to an acid, observing the disappearance and reappearance of the
signal related to carboxyl stretching vibrations. As a further confirma-
tion, after the basic treatment we also observed the carboxylate signals
at ~1430 cm™! (Fig. 1a).

XPS data show (Figs. S3 and S3 in the Supplementary Information)
the presence of the core levels of C 1s and O 1s, while the F 1s photo-
emission peak is barely detectable, indicating a residual concentration of
fluorine atoms below 1 % at/at. Moreover, the C 1s photoemission line
does not show any appreciable component related to C-F species at 290
eV (Fig. 1b). The deconvolution of the C 1s spectrum into chemically
shifted components (Fig. 1b) indicates a sp? carbon content of 60 at. %,
proving the formation of a graphenic network, a sp> content of 18 at. %
likely associated with the methylene units of the acetic groups, 12 at. %
of oxygen-related species, likely alcohols and 10 at. % of carboxylic
acids (see Table S1 in the Supplementary Information).

XRD analysis (Fig. S4) shows the typical diffraction features of
graphene-based materials. According to the literature [39], standard
interlayer distances of 0.9 nm and 0.4 nm correspond to 26 values of
12.5° and 23.8°, respectively. These signals are typically associated with
diffraction from the (002) planes of graphene oxide (GO) and reduced
graphene oxide (rGO), respectively. Additionally, we can detect a large
peak at 20 = 43°, which is commonly attributed for both GO and rGO to
the internal order within the graphene layer i.e. to the (100) reflections
[40].

To further characterize the nature and amount of functional groups
on the material, we acquired solid-state >C NMR measurements. The
13C-MAS spectrum reported in Fig. 1c indicates the presence of well
resolved peaks, in particular two distinct components in the low ppm
region corresponding to saturate carbons and the feature at 162 ppm,
accounting for 9.9 % of the total intensity, which can be associated with
carboxyl groups [41], in excellent agreement with the XPS data. More-
over, the peak at 11.2 ppm (6.2 % of the total intensity) indicates
defective carbon lacking conjugation with graphenic plane, while the
signal at 27.2 ppm can be attributed to the methylene units between the
graphenic plane and carboxylic acid groups, and finally the peak cor-
responding to carbons with alcohol functionalities is observed at 60
ppm.

Given the interest of this material, for redox reactions we used EPR
spectroscopy to identify and quantify the possible presence of free
electrons and their localization within the carbon backbone.

Continuous-wave (cw) EPR measurements on GAA powder in the
4—300 K range confirm the presence of unpaired electrons. The struc-
tureless line (see inset in Fig. 1d, and Fig. S5 and Table S2) has been
deconvoluted into two Lorentzian components with nearly the same g-
value, but rather different linewidth: 0.16 (component “1”) and 0.48 mT
(component “2”), and relative intensities 1:2 respectively. These com-
ponents are representative of the paramagnetic dominant species. The
spin concentration obtained by double integration of the line at room
temperature is 5-10'® spin/g by comparison with a Mn(II) standard
sample [42]. The presence of structureless Lorentzian components in-
dicates a strong spin exchange interaction between paramagnetic cen-
ters [43,44]. Further information on the nature of the centers was
obtained by studying the temperature dependence of the intensity.
Fig. 1d reports the inverse intensity of the two components as a function
of the temperature: component “1” is rather temperature independent in
the range 50-300 K, and it shows a small decrease below this range,

HCL, H,0
—_ =
Reflux, 100°C
24h

Scheme 1. Synthesis protocol of GAA starting from FG.
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Fig. 1. a) IR spectra of as prepared GAA (red), after basic treatment (blue) and subsequential acid treatment (black) b) C 1s XPS spectra of GAA c¢) 13C MAS NMR
spectrum of GAA sample recorded at 150.9 MHz with the integration of the relevant peaks for quantification. d) inverse of the EPR intensity as function of the
temperature for component 1 (circles) and component 2 (squares) together with its linear fit (grey line); the experimental points at the lowest temperatures of
component 2 are probably affected by saturation, therefore they are reported in grey. In the inset the cw-EPR spectrum of GAA at room temperature (integration of
the cw-EPR spectrum) together with the fitting as sum of two Lorentzian components (green lines). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

while component “2” has a typical Curie-type linear trend with an
intercept on the abscissa axis at T nearly 0 K.

Based on these data, we assign component 1, having a mild tem-
perature dependance, to partially delocalized electrons located on the
edge of the material or to conductive electrons belonging to the same
bath [35,36]. Because of the high g-value (g = 2.0038 at 50 K), we are in
favor to attribute the signal to edge states. Edge states are characterized
by the presence of unpaired electrons localized on the p-orbital of C
atoms at the boundaries of n-orbitals. Component 2, having a pure
paramagnetic Curie-type behavior, is attributed to unpaired electrons in
defective sites, with electrons localized in small n-regions on the gra-
phene plane (unpaired electrons on limitedly extended n-orbitals or
dangling bonds). Strong exchange interactions between conduction
electrons and localized paramagnetic defects have been observed in
graphenic-like material and on graphene oxide, and are characteristic of
nano-sized materials [45,46], having edge states or defects near elec-
trons in extended m orbitals. Paramagnetic centers are known to be
present in the FG [47], therefore we expect that some paramagnetic
defectivity remains also after the synthesis protocol.

Non-interacting electrons localized in defects have been detected by
pulse methods, which act as a To-filter able to select only slow relaxing
species [48]. Indeed (see Fig. S6) the spectrum is composed of two major
components with Gaussian line shape, which indicates an unresolved

interaction of the unpaired electrons with a variety of paramagnetic
nuclei (likely protons). Notably, the presence and the nature of these
radicals are directly related to the catalytic activity of graphene-based
materials [8,49].

The acid chemistry of GAA is highlighted from zeta potential analysis
at different pH (Fig. S7). While there is almost no response at pH below
the pKa of phenylacetic acid (~5.2), an increase in pH leads to the
formation of a negative zeta potential value between —50 mV and —30
mV, indicating a very stable dispersion.

TEM images (Fig. S8) show nanosheets with a lateral dimension of
hundreds of nanometers, while in general graphene oxide flakes range
from few micrometers up to hundreds of nanometers [50]. GAA nano-
sheets are highly transparent, characterized by slightly jagged edges,
and are very stable under the electron beam. The formation of aggre-
gates made by a few stacked flakes is common, and strongly dependent
on the preparation of the TEM grid. Lastly from TGA analysis (Fig. S9)
the material remains very stable until 200 °C, whereas at 317 °C a 30 %
weight loss can be correlated to the loss of carboxylic functionalities
[51]. A last weight loss, which accounts for 7.5 % of the mass, is visible
at 561 °C and can be associated with defective carbon atoms and
oxygenated species, evolving CO and CO [52,53]. and after that, the
material remains stable until 800 °C, suggesting that only a graphenic
backbone is left.
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In conclusion, the experimental data confirms that the GAA com-
prises highly dispersible graphenic layers, with a lateral dimension
typical of several hundred nanometers, which are selectively decorated
by acetic acid groups (about 10 %). The defluorination and nucleophilic
reactions involved in the synthesis protocol are very effective at elimi-
nating the fluorine atoms, but induce a certain number of structural
defects (sp® carbon), including a significant amount of trapped
electrons.

3.2. Catalytic activity

3.2.1. Biomimetic peroxidase activity

To evaluate the catalytic activity of GAA as a peroxidase mimic, we
used a well-established colorimetric test based on the oxidation of TMB
[54]. This molecule can be oxidized by H»02 to 3,3,5,5-tetrame-
thylbenzidine diimine (0xTMB) producing a deep blue solution, there-
fore the kinetics of the reaction can be easily followed by monitoring the
intensity of the oxTMB adsorption band, centered at A = 652 nm, over
time.

As reported in Fig. 2a and b, the plot of the reaction rate versus the
concentration of catalytic substrate, either TMB or Hy0,, returns a
rectangular hyperbola, which is typical of the Michaelis-Menten kinetics
of enzyme catalyzed reactions. By fitting the experimental data to the
Michaelis-Menten equation through non-linear regression methods, we
could extract Ky, and Vi, i.e. the affinity of the catalyst for the sub-
strate and the limiting rate of the reaction. The same apparent

s
~
/©/ kinetic parameters were also obtained by the analysis of
Br’

Lineweaver-Burk plot (or double reciprocal plot), as reported in Fig. 2c.

Table 1 reports the values of the catalytic figures of merit of GAA as
well as those of related benchmarks found in the literature in similar
experimental conditions. Clearly, GAA outperforms the best previously
reported graphene-based catalyst, a highly carboxylated form of gra-
phene oxide [23], as indicated by the higher values of Vy,,x, whereas the
kp, values are comparable. Notably, GAA exhibits superior catalytic ac-
tivity compared to other peroxidase mimics based on transition metals
[55-57]. The comparison between the catalytic activity at pH = 4 and
pH = 7 (reported in Fig. S10) reveals that, although V.« is higher at pH
= 4, as expected for TMB oxidation, the k,, value suggests a better
substrate affinity at pH = 7, likely due to the improved material
dispersion. Quite interestingly, the double reciprocal plot (Fig. 2c)
shows that the kinetic profiles of TMB oxidation carried out at different
H20; concentration produce parallel curves, which is the fingerprint of a
ping-pong mechanism, as observed for HRP [58] and other selected
nanozymes [54]. This means that GAA binds and reacts with a catalytic
substrate, releases the first product, and then the intermediate form of
the catalyst binds and reacts with the second substrate.

To further understand the nature of the activity of GAA in this re-
action, an EPR spin trapping experiment was performed (Fig. S11 and
Table S3). As a matter of fact, the identification of the ping pong
mechanism suggests that GAA could act as a redox mediator, forming a
reversible intermediate active state during reaction conditions. Indeed,
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Table 1
Michaelis Menten parameters comparison.
Catalyst Substrate Km (mM)  Vmax (nM/
s)
GAA TMB (50 mM H505) 0.0845 1437
H>0, (0.8 mM TMB) 27 32100
GO-COOH in AM 2008 [23] TMB (50 mM H,0,) 0.023 34.5
H,0, (0.8 mM TMB) 3.99 38.5
Horseradish peroxidase TMB 0.275 12.4
(HRP) H>0, 0.214 24.6
Fe304 MNPs [55] TMB 0.098 34.4
H,0, 154 97.8
Co3(P04)2 [57] TMB 0.136 8
H30, 0.073 12
PN-Ceria [56] TMB 0.147 6200
H>0, 293 3800

the ability of oxidized graphene derivatives and carbon materials to act
as redox mediators has been well documented by several works [54,59].
To shed some light on the possible mechanism we introduced DMPO in
the reaction environment with the idea of identifying possible radical
intermediates generated by the main oxidant, HyOo.

While in the absence of GAA the only visible signals are from
decomposed DMPO [60] and ethanol [61], when the GAA is added, a
new set of signals arises, with coupling constant comparable to that of
DMPO trapped in benzoic acid [62], indicating the formation of a radical
possibly deriving from the peroxyacid formed by the reaction of a car-
boxylic group with Hy0,. These data therefore likely suggest that the
intermediate form of the catalyst is a surface peracid that in the second
step of the reaction cycle reacts with the TMB to give the final oxidation
product. We also mentioned that in presence of O, but without HyO, the
oxidation of TMB does not proceed in a significant amount, and no su-
peroxide species has been detected, ruling out other possible reaction
mechanisms involving other ROS, which were previously reported in the
literature for carbon nanomaterials [8].

3.2.2. Sulfide oxidation

Given the excellent performance of GAA in the activation of H,O for
the oxidation of organic compounds, we investigated the potential of
this catalyst for more challenging reactions that require high selectivity
and are extremely relevant for fine chemical synthesis.

As a case study we investigated the oxidation of organic sulfides to
sulfoxides using green chemistry protocols i.e. using HoO5 as oxidizing
agent, at room temperature and without the use of additional solvents,
to reduce the chemical waste. NMR spectroscopy was used to identify
the reaction products and quantify the yield and selectivity.

The results of the oxidation of thioanisole to sulfoxide are shown in
Fig. 3. GAA proved to be an outstanding catalyst in the oxidation of
thioanisole affording the corresponding sulfoxide in a short time (200
min for complete conversion) without the addition of any solvent and at
room temperature. No traces of sulfones, i.e. the total oxidation product,
or other compounds were detected. Moreover, after the catalytic test,
the catalyst can be easily recovered through filtration and reused for
further catalytic cycles without changes in the selectivity or
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productivity. The medicinal compound targets of this type of oxidation
present a variety of functional groups, therefore the catalyst must be
selective not only towards the oxidation to sulfoxide, but must also
prevent the oxidation of other functional groups potentially present on
the catalytic substrate. To confirm this high selectivity and the tolerance
to the presence of different chemical moieties, we attempted the con-
version of different compounds, and the results are shown in Table 2. In
all cases, the only oxidation process is the oxidation of sulfide to sulf-
oxide. In the case of both 4-methylthioanisole and 4-bromothioanisole
the conversion decreases significantly (59 % and 44 %, respectively),
while for 4-(Methylmercapto)phenol and 4-(Methylmercapto)aniline we
observe an opposite effect, suggesting that rather than electronic effects,
the presence of protic groups plays a major role on the reactivity. When a
non-aromatic substrate, such as diethylsulfide, is considered, the con-
version is higher compared with thioanisole (99 %), while keeping a
good selectivity (96 %). In the literature, other graphene-based mate-
rials have been already used for sulfide oxidation, however in general it
is reported that modified GO preferentially catalyzes the conversion
toward sulphones. Previously, Bielawski et al. showed that graphene
oxide exhibited a good activity and similar selectivity for this same re-
action, but in that case, the loading of graphene oxide was 300 % wt.
higher compared to the catalytic substrate, raising some doubts about
the genuinely catalytic nature of the reaction [63]. On the other hand,
Abdi et al. [64] proposed a carboxyl-decorated graphene oxide that was
selective towards the total oxidation to sulfone. The authors suggested a
concerted mechanism, in which two different peroxy acid groups
attached on vicinal positions of the graphene edge, enable the direct
oxidation from sulfide directly to sulphone. On the contrary, GAA
despite the presence of similar functional groups on the surface, selec-
tively promotes the partial oxidation to sulfoxide. This can be explained
by the subtle differences in the structures of the two materials. In GAA
the carboxylic acid pendants are more homogeneously dispersed on both
sides of the whole basal plane, as also seen in other syntheses from FG
[65] whereas on GO derived materials the carboxyl groups are prefer-
entially concentrated on the edges, making possible a synergistic inter-
action by multiple COOH species on the same molecule, eventually
leading to the total oxidations. On both materials however, we can hy-
pothesize that the active species are indeed short-living peroxy acids
[66], which are formed by the reaction with H205, as we have docu-
mented in the previously reported EPR spin trapping experiments.
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I Conversion|
I Selectivit

Conversion and selectivity (%)

1 2 3 4 5 6 7 8
Number of recycling

Conversion and selectivity at 120 min (around 80 % yield) for different recy-

4. Conclusion

A novel, easy, and sustainable synthesis protocol based on the
chemistry of FG has been developed for the scalable production of GAA.
As demonstrated by the combination of several characterization tech-
niques including XPS, FT-IR, solid state 3¢ NMR, and EPR spectros-
copies, TGA, TEM, this material consists of graphene nanosheets of a few
hundred nanometers characterized by a relatively dense and very se-
lective functionalization of the basal plane with acetic acid pendants
(about 10 %). Despite its close analogy to Graphene Oxide, GAA, how-
ever is highly conductive [16] and characterized by the presence of a
large amount of trapped electrons (5x10'® per gram), making it quite
appealing as a potential catalyst for redox reactions.

This hypothesis was tested by investigating the catalytic properties of
GAA in advanced catalytic oxidations involving hydrogen peroxide, a
key reactant for Green Chemistry reactions and a widespread ROS. GAA
demonstrated to be an outstanding catalyst as peroxidase mimic,
showing a clear Michaelis-Menten behavior. Through the analysis of the
catalytic tests, we could ascertain a ping-pong mechanism and deter-
mine a limiting rate (Vymax = 32100 nM/s) surpassing previously re-
ported carbon materials. Similar excellent properties were also
documented in the selective partial oxidation of sulfide to sulfoxide.
Interestingly, EPR trapping experiments with DMPO support the idea
that in both reactions a key role is played by peroxyacid radicals, which
are formed in situ by the reaction of GAA with Hy0,.

Overall, this work depicts a consistent scenario where GAA, given its
unprecedented physicochemical properties, can be used as a general
catalytic platform for a variety of reactions. The presence of sp? domains
and hydrophilic pendants can be exploited to adjust precisely its affinity
towards specific catalytic substrates. Moreover, the presence of acid
groups makes it an appealing solid acid, while its high electron con-
ductivity and intrinsic redox chemistry can be easily exploited in
oxidation and electrochemical reactions. Furthermore, all these strate-
gies can be combined to produce synergistic effects, enabling complex
cascade and tandem processes, which are key objectives in Green
Chemistry.
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